We present a procedure for obtaining protein single crystals that fill the capillary tubes in which they grow. The implementation was typical of the gel acupuncture method and the four different proteins are used as examples: lysozyme (HEW), thaumatin I, ferritin and insulin. Rod-and prismatic-shaped protein single crystals of these four proteins were grown inside capillary tubes of 0.2, 0.3, 0.5 mm in diameter and, for the case of lysozyme, up to 1.2 mm in diameter. The maximum length measured along the long axes of the rod crystals was 1.6 mm again for lysozyme crystals. It was observed that, once the capillary tube was filled, the crystal continues to grow by diffusion of the precipitating agent throughout the porous network formed by the protein crystal structure. We also discuss the possibility of growing these cylinders of crystalline proteins by the addition of protein solution to the mother liquor through the upper end of the glass capillary while the precipitating agent diffuses through the protein crystal itself. X-ray diffraction patterns confirm the single crystal character of the protein rods.
Introduction
The formation of shaped single crystals of inorganic compounds from melts is a well-known process [1] . This is most often accomplished by introducing an appropriate seed crystal into the melt, vapor, or solution. For the case of biological macromolecules, the growth from melts is unavailable and the regrowth of seed crystals still lacks a well-established strategy [2] . Therefore, the most attractive method of obtaining crystals that attain a size large enough to fill the cell where they grow is faced with the control of homogeneous nucleation, which involves the control of the development of supersaturation. Once isolated protein crystals are obtained they could be grown either by changing the ionic strength of the solution or the temperature.
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Recently, we have described the production of shaped protein crystals filling the capillaries where they grow, which could be of interest in the studies of physical properties of biological macromolecules [3] . Moreover, a relevant feature of macromolecular crystals is their open structure and very high solvent content, which allows the use of rod-shaped protein crystals in experimental studies on diffusion transport of various substrates, inhibitors, coenzymes or other ligands directly through the crystals [4] . The catalytic role of enzymes, and the manner by which effectors or drugs regulate macromolecular behavior can be elucidated by X-ray crystallography [5] . We hope that, because of the removal of absorption effects, the use of shaped protein single crystals grown into X-ray capillaries will yield diffraction data of higher quality.
In this paper, we demonstrate that the method previously reported for the growth of shaped single crystals of the model protein lysozyme can be extended to other proteins such as thaumatin, ferritin and insulin, suggesting that the shaping of protein crystals can be considered as a general behavior and we discuss a rational strategy for obtaining differently shaped protein single crystals. In addition we discuss some preliminary experiments designed to re-grow cylinders of lysozyme by the continuous addition of a protein solution through the upper part of the capillary used as a cell growth and by thermal methods.
Experimental procedure
Hen egg white lysozyme (Fluka No. 62971), thaumatin I (Sigma, No. T-7638), insulin (Sigma, No. 1-3505) and ferritin (SIGMA F-4503) were used as purchased without further purification. Sodium chloride, sodium potassium tartrate, sodium monohydrogen phosphate and cadmium sulfate, were used as precipitating agents. Sodium azide 0.1% (w/v) was added to the precipitating agents in order to avoid micro-organism contamination. All the solutions were prepared with twice-distilled water. The gel layer used to hold the capillaries was made of silica by mixing appropriate volumes of sodium silicate solution with specific gravity 1.06 g/cm 3 and acetic acid 1M. The pH of the gel was chosen depending on the protein to be crystallized.
The experimental set-up utilized for the growth of protein single crystals was typical of the gel acupuncture method [6, 7] . The layers of silica gel were prepared in crystallization vessels of 25 mm in diameter and 60 mm high. The height of the gel layer was of 20 mm. Prior to the experiment, the capillaries were washed with twice-distilled water and acetone and dried with hot air. The capillary fibers were gently filled with a solution of protein using capillary forces and one of their ends was sealed with green mounting clay (Hampton Research, Cod. HR-GMC). The open ends of the capillary fibers were punched into the gel layer with a penetration of 7 mm keeping them in a vertical position. Cylindrical capillaries with four different internal diameters (0.2, 0.3, 0.5 and 1.2 mm) were used.
Alternatively, and with the aim of following the experiments by optical microscopy, glass cassettes were also used. They consisted of two 7 X 10 cm rectangular glass plates held apart by a U-shaped spacer that runs along the two longest and one of the shorter sides of the plates. After fastening the plates with clamps the gap between the glass plates was 4 mm. This prismatic vessel is then filled up to a height of 40 mm with 8 cm 3 of a silica or tetramethoxysilane sol. After gelling of the sol, the capillaries containing the protein solution are inserted into the gel with a typical penetration length of 7 mm. Finally, 8 cm 3 of the precipitant solution is poured on the gel using a syringe. The uncovered shorter edge of the cassette was then closed with adhesive tape and the cassette placed in the optical path of the microscope with the capillaries either perpendicular or parallel to the gravity field. A TV camera attached to the microscope captured and sent the image to a video recorder provided with a time-lapse mechanism. All the isothermal experiments were carried out at the laboratory temperature (22 _+ l°C). Table 1 displays the best values of the relevant experimental variables we found to grow rods of lysozyme, thaumatin I, insulin and ferritin. Fig. 1 shows the shaped crystals obtained of lysozyme, insulin and thaumatin. The faceted shape of the upper and lower part of the rods along with optical views under crossed nicols demonstrate the single crystal character of the rods. For ferritin (Fig. 2) , the rounded shape of the rods and its cubic symmetry forced us to test the crystallinity by X-ray analysis. As shown by the 1 ° rotation photographs displayed in the insets of Fig. 3 , the rod of ferritin diffracts as a single crystal. The X-ray pictures were collected with an imaging plate detector set at 140 mm from the crystal and using a rotating anode X-ray source of filtered CuK a radiation. According with our observations, the existence of protein crystals attached to the wall of the capillaries can be considered as the first indication that shaped protein crystals can be obtained. The next step of the study consists obviously of the search for experimental conditions to minimize the number of nuclei and to isolate individuals. As we previously reported [6] , nucleation density can be properly controlled by varying the initial concentration of the precipitating agent, the starting protein concentration, the capillary diameter and penetration length. For instance, Table  2 shows the variation on number of crystals with respect to capillary diameter (after 168 h) for thaumatin I, lysozyme (HEW), and insulin. Note that the number of nuclei decreases with the capillary diameter. The variation of the average growth rates with capillary diameter was also measured and followed the same trend, in agreement with these results [8] .
Results and discussion
Sometimes, additional problems appear for a particular protein. ammonium sulfate at concentration 45% (w/v), the solution was removed with a syringe and a new solution of sodium potassium tartrate 60% (w/v) was added in order to decrease the solubility of thaumatin trying to grow the small crystals obtained within the capillary cell. With this procedure neither new single crystals nor the second nucleation process was detected.
It is crucial to understand that once we succeed in reducing the nucleation density, and only a few isolated crystals grow into the capillary, the final size of the crystal depends on the skill in controlling the development with time of the local supersaturation around the crystal and thus avoiding further nucleation in the capillary. This can be achieved by reducing the concentration of the source of precipitating agent after the nucleation stage. We suggest to decrease this concentration by a factor of 0.5. However, a numerical simulation of the problem will permit the optimization of a programmed variation in time of the concentration of the precipitating agent.
The study conducted to re-grow shaped protein single crystals was performed with lysozyme. Once the rods were obtained by the method described, we wait 15 days for the equilibration of the system. The mother liquor located in the upper part of the capillary over the protein crystal rods then consists of a solution of protein in equilibrium with a low concentration of salt (half of the starting concentration). When this solution was completely removed using a Hamilton syringe and replaced with a fresh protein solution we observed the formation of bubbles and the cracking of the crystal after contact with the syringe. If the equilibrated fluid was partly removed, the addition of a fresh protein solution at higher concentration (100 mg/ml) provoked the precipitation of amorphous material, while the dilution of the equilibrated solution by iterative partial replacement with twice-distilled water provoked uncontrolled secondary nucleation on the surface of the rod crystal. To reduce this type of problem we took the following steps: (a) 50% of the volume of the equilibrated solution located in the upper part of the crystal rod was removed and replaced with the same volume of twice-distilled water; (b) 75% of the volume of the new solution in the capillary was removed and replaced with the same volume of the protein solution at different concentrations from 50 to 100 mg/ml; (c) the capillaries were sealed with parafilm (to avoid the possible effect of the small overpressure created by sealing the capillary with clay) and repunctuated in a 10 mm thick gel layer. The best results were obtained with a lysozyme concentration of 70 mg/ml, for which an increment of linear size of 0.45 mm was obtained and no additional nucleation observed in the capillary. Fig. 4 shows the growth history of the lysozyme shaped single crystal followed by this crystal growth technique. Finally, we have also tried to improve the size of the rods by changing the temperature. The capillary containing the rod was introduced for 24 h into a thermostatted bath using a mixture of ethanol/water (40% v/v) at 10°C. An overgrowth of the crystal rods of 0.3 mm was measured but we were unable to suppress additional nucleation in the upper part of the capillary. When the temperature of the capillary containing the rod was decreased from 22 to 5°C and kept at this temperature for 48 h, we obtained only amorphous or microcrystalline precipitation. Experiments on this polythermal method at controlling cooling rates are under way.
Conclusions
The ability of protein single crystals of lysozyme to take the shape of the capillary tubes where they grow has been demonstrated for other proteins such as thaumatin I, insulin and ferritin. In all cases, the shaped specimens behave as single crystals when examined by X-rays. We think that, at least for those protein crystals that attach to the wall of the capillaries, this shaping ability can be considered a general property. Furthermore, it has been demonstrated that crystalline rods of lysozyme can be re-grown either by polythermal methods or by programming the concentration of the mother liquor inside the capillaries.
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